In the present study, convective currents between open water and aquatic canopies are investigated numerically. These currents are produced due to differential radiation absorption between the two regions. The unsteady three-dimensional Navier-Stokes equations are solved together with the energy equation, using the Boussinesq approximation. The vegetation is simulated by rigid cylinders. The absorption of radiation during the daytime is simulated by an additional source term in the energy equation. Three cases with different vegetation porosity are examined for comparison purposes. Numerical results for the current velocity and the water temperature are presented and compared for cases with different vegetation porosity.
Introduction
Convective currents are thermally-driven exchange flows which are produced due to temperature difference in a fluid. In nature, this flow can be observed either between shallow and deep water or between open water and aquatic vegetation. The latter occurs due to differential surface heating between the two regions during the daytime. In particular, the vegetation prevents the solar radiation from entering into the water body and thus, the water temperature in the open area is higher. These convective currents are observed in natural lakes [1, 2, 3] .
Convective flow, which is produced due to differential absorption of radiation between two regions of water, was initially investigated by [4] . Also, [5, 6] studied convective currents in a cavity, using a more realistic model for the absorption of radiation. In this model, the radiation absorption is simulated by an internal heating source which was varied with the water depth. Moreover natural convection in a triangular enclosure due to differential absorption of radiation is examined both experimentally and numerically by many researchers [7, 8, 9] .
In shallow aquatic systems, vegetation is often present and can influence the propagation of the currents. The vegetation porosity ranges from 0.55 (mangroves) to 0.99 (water lily) [10] , while the most common values in field are between 0.70 and 0.90 [11] . The convective flow in a cavity with open water and aquatic canopy is examined experimentally by [12] .
In the present study, convective currents between open water and aquatic canopies are investigated using a microscopic numerical model, in order to examine the effect of differential heating and vegetation on the hydrodynamics. The simulation is referred to lock-exchange flow in a tank partially covered by cylinders which represent the emergent vegetation. The surface of the open water is heated with constant surface radiation intensity. The radiation absorption of the water during the daytime is simulated by an internal thermal source. This thermal source is included in the model through User Defined Functions and is not used for the water in the vegetated region where it is assumed that the water does not absorb any radiation. Three cases with different vegetation porosity are studied for examining its effect on the flow. The unsteady three-dimensional (3D) Navier-Stokes equations together with the energy equation are solved using the Fluent CFD code. Numerical results for the current velocity and the water temperature are presented and are compared for cases with vegetation porosity. The numerical results are also compared against available experimental data [12] and are found to be in agreement.
Numerical model

Governing equations
The 3D Navier-Stokes equations, Eq. (1) and Eq. (2), for unsteady, incompressible flow, in conjunction with the energy equation, Eq. (3), are solved. The Boussinesq approximation is used which treats the density as constant in all equations apart from the buoyancy term of the momentum equation, in which it is varied due to temperature difference. The radiation absorption of the water body is simulated by an additional term in the energy equation (source term Sh in Eq. 3). The vegetation is simulated by an array of rigid cylinders of a given diameter d and porosity .
where is fluid density; t is time; Ui is fluid velocity in the i direction; Peff is effective pressure (the difference between static and hydrostatic pressure); is fluid dynamic viscosity; is thermal expansion coefficient (= 0.00021 K -1 ); T is fluid temperature; T0 is initial fluid temperature; g is gravity acceleration; cp is specific heat of water (= 4182 J×kg -1 ×K -1 ); and is thermal conductivity (= 0.6 W×m -1 ×K -1 ).
The source term Sh is an internal heating source, which represents the radiation absorption of the water body and it is added in the energy equation only in the open water because the vegetation is assumed to prevent the radiation absorption during the daytime. The surface of the open water is heated with constant radiation intensity I0 and the radiation intensity decreases with increasing water depth according to Beer's Law (Eq. 4). where is bulk extinction coefficient; h is water depth and y is distance from the bottom. The extinction coefficient of the water depends on the wavelength of radiation and the water turbidity. However, here it is assumed that the radiation absorption is characterised by a single bulk extinction coefficient, as in previous studies [12] .
Numerical procedure
The Fluent 15.0.7 CFD code, which uses a control volume technique, is applied for the numerical computations. The computational domain is divided into discrete control volumes on which the governing equations are integrated. For the mesh generation, the Gambit program is used. The segregated solution method is used and the velocitypressure coupling is achieved with the SIMPLE algorithm. For the discretisation of the governing equations, the PRESTO scheme is used for the pressure and the Second Order Upwind scheme is used for the momentum and the energy equations [13] . User Defined Functions (UDF), based on C++ code, are used for introducing the additional term Sh. The laminar viscous model is applied as the Reynolds number of the flow is approximately equal to 100. The simulations are time-dependent and the time step used is equal to 0.1 s.
The microscopic model consists of a three-dimensional tank with two regions, one vegetated and one without vegetation (Fig. 1) . The vegetated area consists of an array of rigid emergent cylinders which represent the vegetation (Fig. 2) . Adiabatic, no-slip wall boundary conditions are applied for the right and left tank wall, the tank bed and the surface of the cylinders, while the free surface is modeled as symmetry axis. Symmetry boundary conditions are applied, at the two sides in the z direction, for reducing the number of the cells as well as the simulation time. The number of the cylinders N and the width w of the computational domain are depended on the vegetation porosity and the cylinder diameter ( = 1 -( /4) Nd 2 /Ab, Ab is bed area, Table 1 ). The grid is three-dimensional and structured. Two meshes have been studied, for the case with = 0.97, in order to validate grid independence. The two meshes have approximately 2x10 6 and 6x10 6 cells respectively. In Fig. 3 , the horizontal velocity Ux profile of the two meshes is shown at t = 300 s and 600 s, at distance x = -0.09 m, at z = 0.0 m. The difference between the results is not higher than 0.95 % and thus the mesh with 2x10 6 cells is used for all the cases studied. 
Case studies
The model geometry is based on the experimental model presented by [12] for comparison proposes. It consists of a tank with total length L = 0.6 m and height equal to the water depth h = 0.1 m (Fig. 1) . The tank has a vegetated area (L1 = 0. Table 1 . Fig. 4a and Fig. 4b show the temperature contours for = 0.97 at t = 500 s, at two different normal planes, z = 0 mm (Fig. 2, plane at the half distance between two cylinder arrays) and 15.7 mm (z = w/2, plane at the center of the cylinder array) respectively and Fig. 4c and Fig. 4d show the respective horizontal velocity contours. As the open water is warmed by the absorption of radiation, a warm current traveling at the surface (within the vegetation) and a cold current traveling at the bottom of the tank (in the open area) are observed. The temperature and the velocity contours are the same at both planes in the open region while in the vegetated region the velocities at z = 15.7 mm are lower than that at z = 0 mm. The temperature and the horizontal velocity contours at the same time are also presented at a horizontal plane y = 8 cm in the vegetated region in Fig. 5 , in order to examine the effect of the cylinders. The cylinders prevent the current propagation and reduce its velocities and thus, the warm current travels faster at z = 0 mm. Moreover the velocity of the warm current is higher near the lock gate (x = 0 mm) and reduces at higher distances.
Analysis of the results
The temperature and the horizontal velocity contours for = 0.85, at t = 500 s, at z = 0 and 6.6 mm (w/2) are shown in Fig. 6 . The temperature and the velocity contours in the open region are the same at both planes while in the vegetated area the velocities are lower at z = 6.6 mm. It is also observed that at t = 500 s both the warm and the cold current have covered lower distance than that of the currents for = 0.97 at the same time. Thus, the current velocity decreases with decreasing porosity. In Fig. 7 the temperature and the horizontal velocity contours are also presented at a horizontal plane y = 8 cm in the vegetated region. The velocity at the back and in front of the cylinders is very low and almost constant, while the velocity at the half distance between two arrays of cylinders increases where the cross section decreases (where there are cylinders at the right and at the left) and decreases where the cross section increases (where there are not cylinders).
In Fig. 8a the horizontal velocity profiles are shown for = 0.97, at t = 500 s, at x = 9 cm. The profiles at z = 0.0, 7.85 and 15.7 mm are presented. The z-averaged velocity profile is also shown together with available experimental data [12] . The velocity is lower at planes near the cylinders and higher at farther planes. Numerical results are in agreement with experimental data. However at y = 10 cm there is a discrepancy between the results because in the experiments there is a board at the top of the vegetated region while in the numerical model there are free surface boundary conditions. Temperature profiles for the same conditions are presented in Fig. 8b . The temperature at the half distance between two arrays of cylinders (z = 0.0 mm) higher than that at the plane at the center of the cylinder array (z = 17.5 mm).
The temperature change of the water with respect to its initial temperature is presented in Fig. 9 at x = -6.5 cm y = 8 cm (within the vegetation) for = 0.97, 0.92 and 0.85. Available experimental data for = 0.97 [12] are also presented. The temperature difference is initially zero and starts to increase when the current reach the specific location. The rate of the numerical temperature change for = 0.97 (slope of the results) is in agreement with experimental one but the time at which the current reach this location is lower for the numerical model. This might be due to heat loss during the experiments as there are negative temperature differences at t = 250 s. The time at which the current reach this specific location and the temperature difference start to increase with decreasing porosity.
The variation of the maximum horizontal velocity at x = 0.0 cm (lock gate) and z = 0.0 cm with time is plotted in Fig. 10 for all the cases studied. Initially, the velocity increases with time and the flow is inertia dominated. After a specific time instinct the velocity remains almost constant and the flow is drag dominated. This time instinct decreases with decreasing porosity. Eventually, the velocity decreases because the warm current reach the left wall of the tank and a reverse current is generated. 
Conclusions
In the present study, convective currents between open water and aquatic canopies are investigated using a microscopic numerical model. The water in the open region is heated by constant surface radiation intensity and as the open water has higher temperature, a warm current travels in the vegetated area at the tank top. Simultaneously a cold current travels in the opposite direction at the tank bottom. The vegetation is simulated by rigid cylinders. Three cases with different vegetation porosity are examined for investigating the effect of vegetation porosity. The velocity of both the warm and the cold current is decreased with decreasing porosity. Moreover the velocity of the warm current is maximum at the normal plane at the half distance between two arrays of cylinders and minimum at the normal plane at the center of the cylinder array (back and front of the cylinders). For the case with = 0.85 the velocity at the back and in front of the cylinders is very low and almost equal to zero. Initially, the currents are inertia dominated and their velocity increases with time, while after a specific time instinct they become drag dominated and their velocity remains almost constant.
